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ABSTRACT

Pavement markings are made retroreflective so that roads are more visible. But
retroreflectivity degrades over time due to a number of factors. Although the Federal Highway
Administration has yet to finalize minimum standards for retroreflectivity, the degradation of
pavement marking retroreflectivity can be detrimental to safety. The primary objective of this
thesis was to use statistics to develop and validate regression models to predict the degradation
of water borne pavement marking retroreflectivity. This will provide the South Carolina
Department of Transportation (SCDOT) a systematic means to determine when markings
should be replaced.
To achieve this objective an LTL-X handheld retroreflectometer was used to take
retroreflectivity readings at 60 test sections spread throughout South Carolina. Data collection
started in May 2008 and ended by July 2009. Four rounds of data were collected during the one
year duration. Site collected data was entered into Excel and analysis done using the Statistical
Analysis Software.
The data collected from sites were categorized based on pavement marking color
(White or Yellow) and pavement marking type (Edgelines, Centerlines and Skiplines). A total
of eight models were developed to evaluate the degradation in marking retroreflectivity. These
models were validated using the field collected data to know the accuracy of the models.
Regression models were also developed to study the effect of directionality of paint
laying for yellow centerlines on retroreflectivity values. The study found that directionality
does affect retroreflectivity.
The validated models will help SCDOT in predicting the lifecycle of water borne
pavement marking paints which can help them plan their replacement schedules well in
advance leading to cost saving and ensuring quality.
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CHAPTER 1
INTRODUCTION
1.1. Background
Pavement markings play a major role in ensuring safety of drivers by serving to
prevent certain types of crashes (1). They provide visual information necessary for a driver to
navigate a road safely in various illumination and weather conditions (2). Prohibition of
passing maneuvers and delineation of roadway edges are some other functions served by
markings.
Pavement markings play a very considerable role in dark, unlit conditions (1). The
Manual on Uniform Traffic Control Devices (MUTCD) for Streets and Highways (2003)
stipulates that pavement markings be retroreflective unless ambient lighting is adequate
enough for the markings to be visible. Presence of glass beads in pavement markings ensures
their retroreflectivity.
1.2. Thesis Objective and Outline
Pavement markings deteriorate over time due to various factors and as they
deteriorate their ability to retroreflect headlamp illumination back to the vehicle decreases.
There is general agreement that low retroreflective markings increase the frequency of
nighttime crashes, however no previous research has yet quantified the relationship.
The MUTCD currently does not indicate acceptable levels of retroreflectivity for
various types of markings. The Federal Highway Administration (FHWA) has not yet
finalized minimum standards for pavement marking retroreflectivity levels.
In the backdrop of impending FHWA standards, the South Carolina Department of
Transportation (SCDOT) want to quantitatively evaluate pavement marking materials used on
primary and secondary roads throughout the state. The SCDOT intends to 1) develop
1

systematic and standardized methodology to track the performance 2) determine lifecycle of
pavement markings from the time they are first installed to the time they need to be replaced
and 3) to establish the basis for a replacement schedule based on retroreflectivity values.
Pavement marking retroreflectivity is the primary determinant of service life of
pavement markings since it degrades faster than any other characteristic. It can be quantified
and its degradation readily tracked over time. A systematic approach to quantify
retroreflectivity degradation would be to develop a robust statistical model based on field
collected data that could improve the efficiency and economy of the maintenance
methodology for pavement markings used by SCDOT.
The SCDOT awarded the work of quantitative evaluation of pavement marking
materials used on primary and secondary roads of South Carolina to Clemson University in
May 2008. Clemson researchers performed a similar effort in 2003 for Interstate highways in
South Carolina. Quantitative evaluation of pavement marking degradation over time can be
achieved by developing regression models, which relate retroreflectivity with time and other
contributing variables. The goal of this thesis is to develop retroreflectivity degradation
models to help predict the lifespan of waterborne pavement markings. There are several
research objectives identified below:
•

To conduct a literature review for determining the state of the art in collecting data
and modeling pavement marking retroreflectivity.

•

Use the literature review to determine which variables to collect data for and how
these factors may influence the degradation of retroreflectivity.

•

Develop procedures for collecting pavement marking retroreflectivity data.

•

Establish data collection sites for waterborne pavement markings throughout the
state. Collect data over a 12 month period.

•

Using statistics develop and validate regression models to predict the degradation of
pavement marking retroreflectivity.
2

The organization of thesis is as follows: Chapter 2 consists of a detailed literature
review, Chapter 3 discusses the data collection procedures used, Chapter 4 consists of details
of the data analysis procedures employed and Chapter 5 consists of the conclusions and
recommendations of the study.
This study will be unique since it will help us better understand performance of water
borne pavement marking paints when applied on primary and secondary roads in South
Carolina. The literature review will help to guide this effort by identifying what other states
are doing in this regard.
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CHAPTER 2
LITERATURE REVIEW
A detailed literature review was conducted to identify previous research pertaining to
pavement marking retroreflectivity and factors that affect it. The main resource for literature
review were online databases such as Compendex, and TRIS. Journals such as Transportation
Research Record, Institute of Transportation Engineers (ITE) and National Cooperative
Highway Research Program (NCHRP) Synthesis were other important sources. DVD’s of
Transportation Research Board’s Annual Meetings containing numerous conference papers
were a great help in the review of relevant previous research. Online access to American
Society for Testing & Materials (ASTM) Standards and the ProQuest dissertation & thesis
database were helpful. Some articles were also obtained through Inter Library Loan from
other universities.
2.1. Pavement Marking Retroreflectivity
According to McGee and Mace (3), retroreflection is a phenomenon that occurs when
“light rays strike a surface and are redirected directly back to the source of light”. MUTCD’s
millennium edition (4) defines retroreflectivity as “a property of a surface that allows a large
portion of light coming from a point source to be returned directly back to a point near its
origin”. Smadi.et.al (1) in their article define retroreflectivity as “an engineering measure of
the efficiency of the marking optics to reflect headlamp illumination incident on the pavement
marking back to the driver”.
A typical pavement marking material consists of binders, pigments, fillers and glass
beads. Binders are responsible for the thickness of marking material and adhere to the road
surface, pigments distribute color throughout the mix and fillers impart durability to the mix.
The retroreflective effect of pavement markings is made possible with the help of
small glass spheres called beads which are added as drop on beads during application of
4

material in liquid form. The retroreflection process in a glass bead occurs in three steps. As
the light ray enters a bead, it gets refracted or bent. Once inside, it gets reflected in the
material in which the bead is embedded and again gets refracted a second time while leaving
bead surface. Figure 2.1 illustrates the phenomenon (5).

Figure 2.1: Three Step Process of Retroreflection in a Glass Bead (Adapted from reference 5)

The retroreflectivity of pavement markings degrade over time due to various factors
such as abrasive action of traffic, exposure to ambient weather conditions such as sun and
heat exposure, paint application methods, marking material type, snowplow operations and
chemicals spilled over the road surface.
The pavement marking gets chipped off due to abrasive action of traffic which
results in bead loss, loss of base material and loss of contrast of base material as a result of
which the marking can reach the end of its service life (6).

5

2.1.1. Measurement of Retroreflectivity
The most common measure of pavement marking retroreflectivity is the coefficient of
retroreflected luminance (RL). ASTM defines RL as the ratio of luminance in the direction of
observation to normal illuminance, at the surface on a plane normal to incident light,
expressed in millicandelas per square meter per lux (mcd/sqm/lux) in the standard “E 808-01
(reapproved 2009) - Standard Practice for Describing Retroreflection” (7).
The current accepted standard for measurement of retroreflectivity of pavement
marking materials using a portable retroreflectometer is the “ASTM E 1710-05” (8). It is
adapted from standards originally set by European Committee for Normalization (CEN). The
standard clearly defines the requirements of portable retroreflectometer to simulate nighttime
visibility for an average driver in a passenger car. The measurement geometry of the
instrument should be based on a viewing distance of 30 meters, headlight mounting height
should be 0.65 meters directly above the stripe and eye height should be 1.2 meters directly
over the stripe. The key parameters of the above mentioned standard are shown below in
figure 2.2.

Figure2.2:Standard 30 meter geometry replicated by reflectometers(adapted from reference 9)

E 1710-05 also requires that the surface of marking be clean and dry, the reading
direction of retroreflectometer be placed in the direction of traffic and the reflectometer be
calibrated every hour.

6

Another ASTM Standard of relevance to the study is ASTM E 2177 – 01 which is the
Standard Test Method for Measuring Coefficient of Retroreflected Luminance of Pavement
Markings in a Standard Condition of Wetness (10). This test method is also referred to as the
“recovery method or bucket method”. The procedure intends to measure retroreflectivity of
pavement marking materials after rain has stopped and the marking is still wet. The test
condition is created by liberally wetting the road marking and waiting a certain time period
after wetting for water to runoff. Wetness can be achieved either with the help of a hand
sprayer or a bucket of water. If a hand sprayer is used the marking should be spayed with
water for 30 seconds. Otherwise 2 to 5 liters of water in a bucket is poured slowly over the
marking. The marking retroreflectivity is then measured after 45 ± 5 seconds after pouring is
completed. 2-3 replicate readings are obtained by simply triggering the instrument a second or
third time without any movement.
2.2. Minimum Threshold Values for Pavement Marking Retroreflectivity
The Federal Highway Administration (FHWA) has been conducting an extensive
retroflectivity research program since the mid-1980s with one objective being to scientifically
determine retroreflectivity requirements. The following paragraphs discuss certain efforts
taken by various individuals towards the cause.
Paniati and Schwab (11) in 1991 discussed the development of a model to address the
required reflectivity of traffic control devices to meet driver visibility requirements. Their
paper recognized that determination of minimum retroreflectivity is a complex process
involving the interaction of driver characteristics, vehicle headlight characteristics, roadway
geometry, size and location of markings, and glare from oncoming vehicles.
As per the section 406(a) of the 1993 Department of Transportation Appropriations
Act the secretary of transportation is required to revise the MUTCD to include a standard for
a minimum level of retroreflectivity to be maintained for pavement markings and signs which
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shall apply to all roads open to public travel (12). Accordingly FHWA did develop candidate
MUTCD criteria, but it has not been approved and implemented as a policy yet (13).
A study in 1996 focusing specifically on retroreflectivity requirements for older
drivers done by Graham et al. (14) used measurements of

retroreflectivity of existing

roadway markers and subjective evaluations of their adequacy to determine a threshold. The
authors reported that 85 percent of subjects aged 60 years and older rated a marking
retroreflectance of 100 mcd/m²/lux adequate or more than adequate for nighttime conditions.
The FHWA in the fall of 1999 sponsored three workshops to discuss their efforts to
establish minimum levels of retroreflectivity for pavement markings (13). Representatives
from 67 state, county, and city agencies gave their inputs at the workshop. Based on FHWA
guidelines, state and local agencies made recommendations for pavement-marking
retroreflectivity for roads without Retroreflective Raised Pavement Markers (RRPM’s) or
roadway lighting. They recommended a retroreflectivity of 100 mcd/sqm/lux for freeways and
80 mcd/sqm/lux for collector and arterial roads for white. For yellow centerlines they
recommended 80 mcd/sqm/lux for freeways and 65 mcd/sqm/lux for collectors and arterials.
Workshop participants wanted the following issues to be addressed before minimum
retroreflectivity levels could be approved:
• To what extent is pavement-marking retroreflectivity and safety related?
• What would be the impact of RRPM condition and performance on the minimum
values?
• To what extent could the minimum values be reduced if other types of devices such
as roadway lighting or delineation is present on a roadway?
The Minnesota Department of Transportation (MnDOT) (15) undertook a research
project in 2000 to determine a threshold for acceptable retroreflectivity for the state. Members
of general public drove state and county roads after dark and were asked to grade the
visibility of edgelines and centerlines. The project results pointed to a threshold level between
8

80 and 120 mcd/m²/lux. As a result of the project, MnDOT uses 120 mcd/m²/lux as a
threshold for its pavement marking management program.
A study done by Parker and Meja in New Jersey in 2003 used a Laserlux
retroreflectometer and a survey of the New Jersey driving public to determine visibility of
markings on a 32-mile circuit (16). They concluded that the threshold value of an acceptable
level of retroreflectivity appeared to be between 80 and 130 mcd/m²/lux for drivers under 55
and between 120 and 165 mcd/m²/lux for drivers older than 55.
During the summer of 2007, FHWA held two conferences, the primary goal of which
was to finalize the wording and content of new minimum pavement marking and traffic sign
retroreflectivity levels. The new traffic sign minimum levels were put into effect as of
January 2008, while pavement marking minimums are still pending (17). At least one
proposal has been officially made from a study by the University of Iowa and the Texas
Transportation Institute (18).
2.3. Predictive Models for Pavement Marking Performance
One of the objectives of this research is to develop predictive models for marking
performance. Model form and selection of explanatory variables are important aspects of this
task.

While several research efforts have focused on marking performance, most were

empirical studies that did not attempt to develop predictive models.
During mid-1990s, the American Association of State Highway and Transportation
Officials (AASHTO) conducted laboratory and field service evaluations of numerous marking
materials.

In separate studies, test panels were applied by

Texas Department of

Transportation (Tx DOT) (19, 20), Louisiana, New York, and Pennsylvania Departments of
Transportation (21), and

Kentucky Transportation Cabinet (22).

Among other

characteristics, retroreflectivity was measured on these panels over a period of time. Texas
employed both 15-meter and 30-meter retroreflectometers, while the other studies employed
15-meter units. No attempt was made to evaluate results of the tests or to explain causes of
9

retroreflectivity decay over time. Instead, the data were presented in the final reports for use
by other researchers.

The following paragraphs discuss

various efforts undertaken by

researchers to develop predictive models. For many of the models time is one of the most
important variables.
Perrin, Martin, and Hansen (23) in 1997 evaluated marking materials on Utah
highways using a Laserlux mobile unit. Three marking materials were compared-paint,
epoxy, and tape. Pavements included both Portland Cement Concrete (PCC) and Asphalt
Concrete (AC) types. Researchers employed the resulting data to investigate relationships
between material age, Average Annual Daily Traffic (AADT), and pavement type on marking
retroreflectivity or useful lifetime. They found that each of these variables was significant,
and that the general relationship between the independent and dependent variables was
hyperbolic.
Andrady et al. (24) in 1997 developed the following equation which relates
retroreflectivity of pavement marking material with time.

T 100 = 10

( R 0 − 100 ) / b

where
T100=Duration in months for retroreflectivity to reach a value of 100 mcd/sqm/lux
R0 = Estimate of Initial retroreflectivity value
b = Gradient of semi - logarithmic plot of retroreflectivity
Using the equation Andrady was able to predict the lifetime for epoxy markings as 18.8
months and that for thermoplastic markings in the range of 7.8 to 40.6 months.
Migletz et al. (25) in 1999 reported on the results of a study of pavement marking
retroreflectivity performed on behalf of FHWA. During fall of 1994 and spring of 1995,
retroreflectivity of selected sections of pavement marking in 32 states was measured.
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Although based upon a limited amount of data, statistical procedures for evaluating
replacement needs of markings were developed. These were developed not to predict the life
of the markings, but to determine when, based upon collected data, markings should be
replaced. Two basic approaches were evaluated. In one approach, markings were considered
for replacement when the mean retroreflectivity for 15 sample points fell below some
threshold value. The other approach recommended replacement when median of 15 sample
points fell below the threshold.
A study that closely compares with some of the work that is being conducted on the
current project with regard to the lifecycle of different pavement marking materials was
finished by Michigan State University for the Michigan Department of Transportation in 1999
by Jung-Taek, Maleck, and Taylor (26).They reported results from their four-year project,
which evaluated various pavement marking materials to develop guidelines for their most
cost-effective use. The results of this study were based on data collected with a hand-held
retroreflectometer using 15-meter geometry. Despite this, a number of interesting results
were obtained. First, retroreflectivity degradation was found to average 0.14 percent per day,
with service lives of 445, 439, and 427 days respectively for water-borne paint, polyester, and
thermoplastic. The research examined the relationships between retroreflectivity degradation
and average daily traffic (ADT), speed limit, and commercial traffic on the measured sections.
These factors were found to have no statistically significant correlation with retroreflectivity
decay. Measured sections in colder locations where winter maintenance activities occur were
found to correlate with retroreflectivity loss. The linear regression models developed by
Maleck and Taylor for water borne and thermoplastic markings were as follows:

Y = – 0.4035 X + 279.42, R2 = 0.17 (Water Borne Paints)

Y = – 0.3622 X + 254.82, R2 = 0.14 (Thermoplastic Paints)
11

where

Y=Retroreflectivity of pavement markings in mcd/sqm/lux

X=Age of markings in days

Many recent studies use Cumulative Number of Traffic Passages (CTP) which is the
product of ADT and time as a variable in their models. Its unit is millions of vehicle passages
per lane. In simple words it is the cumulative exposure of marking to vehicles since it was
first installed.

Migletz et al. in 2001 (27) published a research paper in which they summarized the
findings of their four year study spread through 19 states to evaluate the durability of a variety
of marking materials. They used CTP as the primary variable and quantified the relationship
between RL and CTP using different model forms such as linear, quadratic and exponential
regressions. The general forms of the models are shown below:

Linear Model: Mean RL = a + (b*CTP)

Quadratic Model: Mean RL = a + (b*CTP) + c * (CTP) 2

Exponential Model: Mean RL= a * e(b*CTP)

The threshold values were set in the study to range between 85 to 150 mcd/sqm/lux
for white lines and 55 to 100 mcd/sqm/lux for yellow lines. Using these thresholds the study
found service life for white waterborne paints on freeways in the range 4.1 – 18.4 months.
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Abboud and Bowman (28, 29, 30) in 2002 conducted a study of the cost and
longevity of paint and thermoplastic striping to determine a useful paint lifetime. The authors
used a minimum retroreflectivity threshold of 150 mcd/m²/lux, determined from their
previous study of crash data and traffic exposure on state highways in Alabama. The
researchers developed a logarithmic model relating retroreflectivity to exposure of markings
to vehicular traffic. The equations developed by them are as follows:

R L = – 19.457 Ln (VE) + 267, R2 = 0.31

(Waterborne Paints)

R L = – 70.806 Ln (VE) + 640, R2 =0.58

(Thermoplastic)

where
RL = Pavement Marking Retroreflectivity in mcd/m2/lux;
Ln = Natural Logarithm
VE = Vehicle Exposure, (thousands of vehicles)
Thamizharasan, A., Sarasua, W.A., Clarke, D., and Davis, W.J., (31) in their
research paper presented at the TRB Annual meeting in 2003 developed two models
to predict the pavement marking degradation. They developed a non-linear model
based on time. They found out that when markings are newly applied the
retroreflectivity initially increases until

glass beads become exposed and then

retroreflectivity degrades linearly to a minimum value due to various factors such as
traffic exposure and environmental conditions. The other important variables
considered while developing the model were marking color, surface type, marking
material and traffic volume or AADT. The study found that traffic volumes were not
statistically significant for retroreflectivity degradation along straight stretches of road.
2.4. Effect of Directionality of Waterborne Paint Laying on Retroreflectivity
A unique study was done by researchers Rasdorf, Zhang and Hummer (32) in 2007 2008 from North Carolina State University addressing the Impact of directionality of paint
13

laying on pavement marking retroreflectivity for two lane highway centerlines. Objectives of
the study were to ascertain whether there is a relationship between retroreflectivity values and
paint installation direction and whether retroreflectivity directionality would impact the
minimum standards for retroreflectivity levels required as per FHWA which are still pending.
The data collection effort mainly consisted of measuring the retroreflectivity of
centerline pavement markings in both directions of traffic flow. The conclusions of the study
were: (a) Retroreflectivity values measured along the direction of striping were always higher
than those measured in the opposite direction for two lane highways. (b) The study was able
to establish a clear relationship between retroreflectivity and age. The study results were
compared to a previous work done by Sitzabee a fellow researcher from NCSU in 2008,
which said that pavement marking retroreflectivity degrades at an average rate of about 50
mcd/sqm/lux annually for thermoplastics and water borne paints. Results of the study were
close to the results reported in the previous work. (c) When comparing retroreflectivity
values of yellow centerline paint pavement markings to pending FHWA minimum standards
the value taken in the opposite direction to the direction of stripping should be used.
2.5. Effect of Wetness on Retroreflectivity of Pavement Markings
Aktan and Schnell (33) in 2004 conducted a study to evaluate the performance of
three different pavement marking materials under dry, wet and rainy conditions in the field.
The pavement marking materials used were: a paint with large glass beads, a thermoplastic
with high index beads and another patterned tape with mixed high index beads. Under dry
conditions all materials exhibited acceptable retroreflectivity which was measured using an
LTL-X handheld retroreflectometer which complies with ASTM E 1710 standard.
Under Wet conditions the retroreflectance measured were much lower than those as
per the dry test. The test procedure employed was in compliance with the standard ASTM E
2177. Under simulated rain conditions retroreflectance was lowest for the three materials.
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Gibbons et al. in 2005 (34) in their study evaluated the visibility of six pavement
marking materials under simulated rain conditions with a rainfall rate of 0.8 in/hr. The study
indicated that visibility distance is highly correlated to luminance of the pavement marking
material and moderately correlated to the measured retroreflectivity.

Factors affecting

visibility distance are: condition of wetness of pavement markings, material type and vehicle
type. The recovery time for visibility distance depends on the pavement marking material
type. The average time of recovery was 6 minutes for visibility to reach normal conditions
(dry) after rain.
2.6. Effect of Lane Width on Lateral Placement of Vehicles
In 1969 Missouri State Highway Department (35) undertook a project to study the
effect of white edge lines on lateral position of vehicles on two lane highways having a width
in the range of 20 – 24 feet. The main finding of the study was that, vehicles tend to move
closer to the centerlines under free flow conditions. Hassan (36) in 1971did a similar study in
Maryland with two, two lane roads, one having a width of 18 feet and the other 24 feet. The
results of the study were similar to the previous one. Other studies which had similar results
were by Steyvers and De Waard in 2000 (37) in Netherlands who choose four narrow rural
roads with widths in the range of 13.5 - 14.8 feet and by Sun et al. (38) in 2006 in Louisiana
who used road tubes for collecting large number of samples for a total of ten, two lane sites.
Tsyganov et al. (39) in 2006 conducted a study in Texas wherein three two lane roads with
widths 9, 10 and 11 feet were selected to study the edgeline effects on lateral placement of
vehicles. The findings of the study were, as the width of the lane increases drivers tend to be
closer to the centerlines under all conditions of illumination.
Driel et.al (40) in 2003 in their research paper addressed the effect of shoulder width
on the lateral placement of vehicles. The main findings of the study were that, with wide
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shoulders vehicles tend to move more towards the edge of road. They reported a similar
result for edgelines with trees or buildings next to it.
The literature review mentioned above is relevant to the current study when defining
the relationship between pavement marking performance and lane width. There are no studies
done which directly address this relationship. One logical inference that can be drawn from
the literature review is that, on two way two lane rural roads with lesser widths, the white
edgelines may require replacement faster than the corresponding yellow centerlines and as the
lane width increases the trend may be opposite.
2.7. Effect of Environmental Conditions on Performance of Pavement Markings
The Pavement Marking Handbook (41) of the Texas Department of Transportation
breaks down the effect of environment on performance of pavement markings into two broad
categories:
•

Weather conditions at the time of placement of markings

•

Climate throughout the year
Quality control at the time of laying the paint is of utmost importance to ensure

proper performance of pavement marking material. SCDOT Specifications (42) require the air
temperature to be atleast 50ºF and above, before commencement of the laying operation for
waterborne paints to ensure proper drying and curing. A relative humidity of less than 85% is
also required for the same. Wind velocity mainly affects the drop on beads dispersion. If
beads are dropped on the newly laid paint with strong winds blowing around, they may not
uniformly reach the binder material. Climatic conditions can have adverse effects on long
term performance of pavement markings. Regions with heavy snowfall are snowplowed
frequently which is one of the main causes of pavement marking retroreflectivity degradation
due to heavy abrasion. At hot and humid places exposure of the pavement to ultraviolet rays
of sun results in fading of color and cracking of pavement markings.
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2.8. Chapter Summary
The literature review indicates that the minimum threshold value for pavement
marking retroreflectivity is still not in place and FHWA is funding several research projects
with state DOT’s to improve their knowledge base before they could come to a conclusion.
Lots of studies have concentrated on quantifying degradation of pavement marking
retroreflectivity over time with the help of regression models. The main focus of this thesis is
to determine the insitu performance of waterborne markings on non-interstate roads, where
they are predominantly used. This study includes effect of directionality of laying water borne
paints on their performance. The literature review has shown that directionality and pavement
marking moisture influences retroreflectivity. Thus this thesis will also look at these factors.
Other factors that the literature review identified as potentially influencing pavement marking
performance include lane width and presence of shoulders.
Retroreflectivity degradation models developed by Migletz in 2001 show a great deal
of variability in the service life of pavement markings. For example the predicted service life
of epoxy markings as per the model is in the range of 1 to 34 months with an average life of
just over 12 months, whereas the South Carolina study done by Sarasua et.al in 2003
concludes that 12 months is too conservative.
The models developed by Michigan State University for water borne paints indicate
high initial retroreflectivity values. The model equation was a generalized one without further
categorization. Also the data was collected using a handheld retroreflectometer having 15
meter geometry. Our field studies indicate that there is a great deal of variability in the initial
retroreflectivity of water borne markings in South Carolina.
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This research thesis will be unique because it will include the initial retroreflectivity
as one of the model parameters. It is proposed to develop difference and percentage difference
models instead of raw retroreflectivity models related with time having high initial reflectivity
values in the model. The study will use retroreflectometers confirming to the 30 meter
measurement geometry which is mandatory as per prevailing standards.
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CHAPTER 3
DATA COLLECTION PROCEDURES
This chapter discusses procedures adopted to gather information on pavement
marking materials used on primary and secondary roads in South Carolina. Information
gathered during the various site visits include site location and retroreflectivity values for
white edgelines, white skip, yellow skip and yellow centerlines. Other information collected
were temperature, humidity, road geometry data such as number of lanes and width of lanes,
directionality of paint laying data for yellow centerlines and white edgelines, traffic volume
and effect of wetness on retroreflectivity of white edgelines. The data on pavement marking
paint material, pavement surface on which it is laid, paint application date and paint
application rate was provided by SCDOT personnel. Field observations collected during site
visits such as presence of dirt, grass, cracks, and multiple layers of paint were also recorded
for reference which may be useful while conducting the analysis.
3.1. Work Plan
Data collection for pavement marking retroreflectivity started in the month of May
2008 and ended by July 2009. The total number of water borne pavement marking sites
selected were 60. A total of four rounds of data were collected during the 13 month period.
Two sites were discontinued for round 4 data collection because both were remarked after the
third round of data collection. The distribution of the sites throughout the state of South
Carolina is shown in Figure 3.1.
The various factors considered for selection of sites were adequate sight distance,
visibility , spacing of sites, pavement marking color, material, shoulder width,
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Figure 3.1 Distribution of Sites throughout the state of South Carolina
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pavement type and traffic volume at the site. The main objective of the selection process was
to ensure that collected data was representative of both white and yellow markings throughout
the state.
Safety was given utmost importance when taking readings at a site. Safety vests were
worn soon after the vehicle was parked at site for data measurements. The “Road Work
Ahead” sign was placed in the direction of moving traffic at a distance equal to the Stopping
Sight Distance (SSD). Safety cones were placed at the start and end of sites to warn drivers of
people at work, so that they may exercise caution while passing the site area. Temperature
and humidity were the first readings taken soon after reaching site. These were recorded on
data collection sheets, a sample of which is shown in Figure 3.2.
For white edge and yellow centerlines measuring tape was rolled out for 100 feet
distance on the pavement marking and 25 foot intervals marked with a spray paint including
the starting point. Yellow and blue paint colors were used in the project.
The current research uses the LTL-X handheld retroreflectometer which follows a 30
meter geometry. It can be used for measuring retroreflectivity in dry, wet and rainy
conditions. A wooden template resembling the bottom of the LTL-X was placed at each of the
5 points with the back of template on the marked interval. The corners of the template were
then painted. This was necessary to ensure repeatability of readings for successive rounds of
data collection. Figure 3.3 shows a sample template marking on one of the test sections.
For white and yellow skip lines measurements were taken at the beginning, middle
and end of two consecutive skip lines. The back of the retroreflectometer was lined up with
beginning of the skip line for the beginning measurement. The front of the retroreflectometer
was lined up with the end of skip line for end measurement. The front of the
retroreflectometer was lined up in the middle of the skip line for the middle measurement.
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The LTL-X needs to be calibrated at least once a day before measurements could be taken.
Individual readings were then taken by placing the retroreflectometer on site marked earlier
facing the same direction as traffic. Care was taken to ensure that while taking the first
reading at a new site the print button was pressed to obtain a hard copy of the GPS latitude
and longitude. Figure 3.4 shows the LTL-X retroreflectometer being used to take readings for
a test section.

The frequency of data collection was once every three months for each of the
established sites which was mutually decided between the Transportation Systems Research
Group at Clemson University and SCDOT. Figure 3.5 shows the actual time periods of data
collection round wise. Readings were not taken during wet weather conditions since from
literature review it was clear that retroreflectivity values measured for a pavement marking
when wet are always lower than when dry. The effect on retroreflectivity of white edgelines
due to continuous wetting was measured by wetting a section of the edgeline for three
different time intervals of 30 seconds, 1 minute and 2 minutes while simultaneously recording
retroreflectivity values after each time interval. The directionality of yellow centerlines was
measured by recording their retroreflectivity in both forward and backward directions. The
before and after effect of cleaning a section of a pavement marking on retroreflectivity values
was also recorded in the site checklist. Figure 3.6 shows a sample site checklist which was
used to record additional details for each site.
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Figure 3.3 Sample template markings on one test section
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Figure 3.4 Reading being taken with retroreflectometer on a test section
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CHAPTER 4
DATA ANALYSIS
The data analysis process involved three major steps: 1) proper organization of data;
2) preparation of descriptive statistics such as summaries; 3) developing inferential statistics
such as regression models to predict the lifecycle of pavement markings. The various data
collected at 60 test sites became the basis of the data analysis.
4.1. Organization of Data for Analysis
The main source of data were the numerous site visits made during the four rounds of
data collection spread over 381 days. The secondary source was the SCDOT who sent
information regarding the pavement markings through email. Web surveys were done using
the “Survey Monkey” to know the pavement marking practices of other state DOT’s.
Microsoft Excel 2007 was the computerized database program used to store data. The data
transferred was checked for accuracy to prevent manual errors during the information transfer
process.
4.2. Descriptive Statistics
Summary of Site Collected Data
A summary statistic was created for the entire dataset to have an overview of the
trend in retroreflectivity values. The data collected from sites was divided into various groups
based on pavement type, pavement marking color/type and pavement condition. The
markings were predominantly laid on asphalt surfaces, though few sites had markings on
chipseal pavements. Pavements were further grouped based on their existing conditions into
Hot Mix Asphalt (HMA), existing chipseal and new chipseal. Pavement marking color along
with the marking type was another important criterion in grouping the data. This resulted in
four main categories which were crucial for the detailed data analysis. The number of test
sites in each group were identified and summarized. The summary table with
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various

groupings and number of test sites is shown in Table 4.1 below. As is evident from the table
all rounds didn’t have 60 test sites. Round 4 had only 58 test sites.
For every grouping the median retroreflectivity for each round was calculated and
summarized. Median retroreflectivity values were preferred over the mean retroreflectivity
values for the categories, since the research team observed outliers in the dataset. Mean is not
considered a robust statistic since it is greatly influenced by outliers. Considering average
values would have resulted in a conservative model which may not be representative of the
actual degradation patterns occurring at site. It was found that there was decrease in the
retroreflectivity values between the rounds.
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The minimum and maximum values for the variables were also summarized as shown in
Table 4.2 below. Retroreflectivity values were in the range of 12 mcd/sqm/lux to 479
mcd/sqm/lux. Humidity was the variable considered to account for effect of environmental
conditions on retroreflectivity degradation. Humidity as measured on site had a range of 20%
to 71%. Eventhough, temperature readings in degree Fahrenheit were recorded on site along
with humidity, it was not used as a variable in the model since the research team found too
much variability in the readings even for nearby sites.

Table 4.2 Numerical Ranges of Important Variables

Round

Range

Initial
Retroreflectivity
In mcd/sqm/lux

Retroreflectivity In
mcd/sqm/lux

Humidity
(%)

Minimum

12

12

28

Maximum

479

479

58

Minimum

12

12

26

Maximum

479

440

67

Minimum

12

23

20

Maximum

479

475

54

Minimum

12

12

25

Maximum

479

418

71

Minimum

12

12

20

Maximum

479

479

71

Round 1

Round 2

Round 3

Round 4

Overall
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Categorization of Data
Raw data was initially categorized based on 1) Pavement marking color – White/
Yellow; 2) Pavement marking type – Edgelines, Centerlines and Skip lines; and 3) Pavement
type – Asphalt/Chipseal. This resulted in six categories. Table 4.3 below lists the number of
sites in each initial category along with the range and median of retroreflectivity values.

Table 4.3 Initial Six Categories of Data with Range and Median Values of Retroreflectivity
Number

Retroreflectivity Values In mcd/sqm/lux

Category
of Sites

Minimum

Maximum

Median

42

17

507

304

42

20

229

141

4

15

345

103

10

12

219

138

2

295

419

336

8

86

239

151

White Edgelines
on Asphalt
Yellow
Centerlines on
Asphalt
White Skip lines
on Asphalt
Yellow Skip lines
on Asphalt
White Edgelines
on Chipseal
Yellow
Centerlines on
Chipseal
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Finally it was decided to categorize the data based on only pavement marking color and
marking type, since the sample size for markings on chipseal was small. It may be argued
that the same is the case with White and Yellow Skip lines on Asphalt surface, but they were
not removed since they represent two different pavement marking types. Once the number of
categories was finalized for the detailed analysis, a master table was created containing
pavement type, mean and median values for each site for all four rounds of data collection.
Tables A.1 (a), A.1 (b), A.1 (c) and A.1 (d) in Appendix A list the master table for each of the
four categories. Table 4.4 below is a summary of the master tables.

Table 4.4 Final Four Categories of Data with Range and Median Values of Retroreflectivity
Retroreflectivity In mcd/sqm/lux

Number
Category
of Sites

Minimum

Maximum

Median

White Edgelines

44

17

507

308

Yellow Centerlines

50

20

239

142

White Skip Lines

4

15

345

103

Yellow Skip Lines

10

12

219

138
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4.3. Inferential Statistics
Choice of Analysis Variables
The variables considered for inclusion in the regression model were pavement type,
traffic volume, median retroreflectivity, initial median retroreflectivity, time and humidity.
Since pavement types (Chipseal and HMA) are qualitative in nature, these were considered as
dummy variables. For pavement type two variables ‘ASP’ and ‘CS’ were created as shown in
tables A.2 (a) to A.2 (d) in Appendix A . For a marking on asphalt surface ‘1’ was entered
under the ASP column and ‘0’ under the CS column as shown in tables. The traffic volumes
for each site in terms of the Average Annual Daily Traffic (AADT) were estimated from the
traffic count maps for the respective county or city based on the location of site. The
respective date of data collection for each round was recorded for every site. The difference in
number of days was calculated by subtracting the dates of rounds two, three and four from
round one. For the first round, its date was subtracted from paint application date. Thirteen
days after application of paint was the earliest any site was visited for data collection for the
first time. Humidity was recorded during every site visit using a temperature and humidity
sensor.
Preliminary Analysis
The initial analysis consisted of running stepwise regression for all four categories of
dataset to ascertain significant variables at a preset significance level. The significance level
for entry and exit of variables was set at 0.05. The variables entered and exited the model one
after other and only those which were found significant at 0.05 level were retained in model.
Initial retroreflectivity and days were found to be the most significant independent variables
for all four categories. Only for White Skiplines traffic volume was also one of the three
significant variables. The “Statistical Analysis Software (SAS 9.2) was used to accomplish
stepwise regression and the results were further verified using Microsoft Excel’s “Statpro”
Analysis package.
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It was obvious that initial retroreflectivity will be a significant variable for all
categories since it is the main contributor to constant or intercept value in regression
equations and if we force the intercept term to be zero, the coefficient of Initial
Retroreflectivity term will near 1.
Although traffic volume was found to be significant for white skiplines it did not
improve the time model very much. Also for some sites traffic volumes from count maps
were not available. Time was thus considered the most important independent variable on
which degradation of retroreflectivity would be modeled for all categories.
Plot of Median Retroreflectivity Vs Time
Once it was decided to model degradation in retroreflectivity with time, Median
Retroreflectivity Vs Time line graphs were plotted for all sites constituting the four categories
of pavement markings to ascertain the trend in degradation of retroreflectivity
as well as to bring forth extreme outliers which may increase the variability in analysis.
For white edgelines two types of trends were observed:

1) An initial increase

followed by a decrease in retroreflectivity and 2) A constant decrease in retroreflectivity. The
second trend was predominant confirming a linear pattern of retroreflectivity degradation over
time. The same was observed with sites in other three categories too. From plots for yellow
centerlines, it was clear that some sites had initial retroreflectivity values less than 100
mcd/sqm/lux. Such sites were removed from dataset used for analysis. Outliers were also
removed from dataset which resulted in a reduction in variability for respective categories.
The final dataset used for analysis is presented as Tables A.2 (a), A.2 (b), A.2 (c) and A.2 (d)
in Appendix A. The final Median Retroreflectivity vs. Time plots for the four categories are
presented in Appendix B.
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Simple Regression Analysis
Simple linear regression was used to develop robust regression models for all
categories. Raw median retroreflectivity values and time were regressed and four regression
models were developed. One point of concern was the low R-Square values for each of the
regression models. A low R-Square value implied greater proportion of variability in dataset
which was proven by the high y-intercept value which is the predicted initial median
retroreflectivity as a result of curve fit for dataset. The intercept represents an initial value.
But a closer look at the data showed that the initial value varied significantly for different
sites. Hence the researchers decided to use difference of median retroreflectivity and initial
retroreflectivity for every site instead of raw median retroreflectivity which lead to an
improvement in the R-Square value. Also this helps support the hypothesis that irrespective of
initial and final values of median retroreflectivity for

sites, pattern of retroreflectivity

degradation would always be same.
Further considering the initial retroreflectivity as 100%, median retroreflectivity for
subsequent rounds for a site could be converted in terms of percentage of initial
retroreflectivity. Such a regression model which relates percentage of Initial retroreflectivity
(which is site specific) with time could solve the issue of comparing same difference values
for two extremely different Initial retroreflectivity values. An example could be two sites
having same difference in retroreflectivity value of 20 mcd/sqm/lux but one having an initial
retroreflectivity of 200 mcd/sqm/lux and other 550 mcd/sqm/lux. As can be seen the approach
makes the comparison relative to specific sites.
Every category thus had two model forms 1) Difference Model and 2) % Difference
Model. For difference and % difference models simple regression was used with the
difference and % difference as dependent variables and time as independent variable. Both
SAS 9.2 and Microsoft Excel Statpro packages were used. The output given by both packages
were exactly same.
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Summary of difference and percentage difference models category wise is enclosed
below in table 4.5.

Table 4.5 Summary of Difference and % Difference Models category wise
Sl

Category of

No

Marking

R2
Model Type

Model Equations
Value

White

Difference Model

Diff=3.0614-0.1756*Days

0.2090

Edgelines

% Difference Model

% Diff=101.05-0.0591*Days

0.2184

Yellow

Difference Model

Diff=2.9074-0.0895*Days

0.2797

Centerlines

% Difference Model

% Diff=102.26-0.0593*Days

0.2813

White

Difference Model

Diff=5.2504-0.168*Days

0.5671

Skiplines

% Difference Model

% Diff=102.91-0.128*Days

0.5994

Yellow

Difference Model

Diff=2.70-0.0443*Days

0.1377

Skiplines

% Difference Model

% Diff=101.8-0.0284*Days

0.1271

1

2

3

4

Slope for all models is negative which confirms the decreasing trend of
retroreflectivity. The scatter plots for models category wise have been enclosed in Appendix
C.
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Illustrative Example showing usage of Model
This section illustrates an example of how to use difference and % difference models
for predicting respective retroreflectivity values. Suppose we want to predict the same for a
white edgeline after a period of two years or 730 days of paint laying. From Table 4.5
equation to be used will be:
“Diff=3.0614-0.1756*Days” and
“% Diff=101.05-0.0591*Days”
Now substituting the days=730 in both equations:
Diff= (3.0614-0.1756*730) = -125.13 mcd/sqm/lux
% Diff= (101.05-0.0591*730) = 57.91%

Since Diff= (Median Retroreflectivity – Initial Retroreflectivity) for a site, negative value for
Difference model indicates a degradation in median retroreflectivity value over the years.

The % Diff value from equation indicates that median retroreflectivity degraded from an
initial value of 100% to 58% at the end of two years.
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Validation of Models
All models listed in Table 4.5 were corroborated by comparing predicted
retroreflectivity values calculated from models with actual collected data for all sites. Table
4.6 below illustrates an example of the method used for corroboration of White Edgelines of
Site # 14 in Greenville County, South Carolina for Difference model.

Table 4.6 Sample Illustration of Corroboration of Difference Models for White Edgelines
Site Median

Difference in

Retroreflectivit

Retroreflectivity

Time
Site

Round

Predicted

in
#

%
Retroreflectance

#

y in

from Model in

Days

Error
in mcd/sqm/lux

mcd/sqm/lux

mcd/sqm/lux

1

0

337

0

337

0%

2

96

349

-13.80

323.20

-7.39%

3

242

330

-39.43

297.57

-9.83%

4

352

308

-58.75

278.25

-9.66%

14

Time in days and median retroreflectivity values were the site collected data. Taking
example of round 2 data, Difference in Retroreflectivity, Predicted Difference and % Error
were calculated as follows:
Diff=3.0614-0.1756*96= -13.7962 mcd/sqm/lux
Predicted Retroreflectance = 337-13.7962=323.20 mcd/sqm/lux
% Error = (323.20-349)/349*100= -7.39%
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A similar procedure was used to compare predicted values with site data for %
Difference Model as well, for entire dataset, a sample of which is illustrated in Table 4.7
below.

Table 4.7 Sample Illustration of Corroboration of % Difference Models for White Edgelines
Time

Site Median

% Difference in

Predicted

in

Retroreflectivity

Retroreflectivity

Retroreflectance

Days

mcd/sqm/lux

from Model

mcd/sqm/lux

1

0

337

0%

337

0%

2

96

349

95.38 %

321.42

-7.90%

3

242

330

86.75 %

292.34

-11.41%

4

352

308

80.25 %

270.43

-12.20%

Site
Rd #

% Error

#

14

% Diff= (101.05 - 0.0591*96) = 95.38 %
Predicted Retroreflectance = ((95.38/100)*337) = 321.42 mcd/sqm/lux
% Error = (321.42 – 349)/349*100 = -7.90%
The detailed spreadsheet containing data for all sites has been enclosed in Appendix
D as tables D.1, D.2, D.3 and D.4. The next step was to group calculated percentage errors for
both Difference and % Difference models. It was decided to have four groups which were
percentage errors <10%, 10-20%, 20-30% and >30%. All categories of percentage errors were
plotted against proportion of total number of data points in the dataset. Table 4.8 below shows
summary of validation of various models.
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Table 4.8 Summary Table for Validation of Models Category Wise

Category of
Marking

Proportion of total data points with %
error levels

Model Type

< ±10 %

±10 to ±20 %

>±20 %

Difference Model

67%

16%

17%

% Difference Model

64%

18%

18%

Difference Model

62%

22%

16%

% Difference Model

65%

20%

15%

Difference Model

53%

40%

7%

% Difference Model

55%

38%

7%

Difference Model

61%

13%

26%

% Difference Model

53%

27%

20%

White
Edgelines

Yellow
Centerlines

Yellow
Skiplines

White
Skiplines

On an average 84% of the sites have errors less than 20 %. Table 4.9 below
summarizes the over and under prediction percentages of the model for the fourth round of
data collection.
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Table 4.9 Model Validation for Fourth Round Data

Category of
Marking

Proportion of total data points with
% error levels
Model Type

Under
Total Over Predicted
Predicted
> ±20 %
>+20%
>-20 %

Difference Model

35%

23%

12%

% Difference Model

38%

30%

8%

Difference Model

28%

17%

11%

% Difference Model

23%

17%

6%

Difference Model

20%

10%

10%

% Difference Model

20%

10%

10%

Difference Model

75%

50%

25%

% Difference Model

50%

50%

-

White
Edgelines

Yellow
Centerlines

Yellow
Skiplines

White
Skiplines

The significance of table 4.8 is that it can be used by SCDOT to help determine a
threshold value for when to replace markings. For example the SCDOT might consider using
a 20% margin of safety over impending FHWA minimum acceptable retroreflectivity values
to determine a threshold when to replace markings. By using the corresponding model the
threshold value can be substituted for the predicted retroreflectivity and the time when this
value is reached can be calculated. Table 4.8 shows that the model will sometimes over
predict and sometimes under predict field values. Under predicting is not a problem because if
field values are higher than modeled, safety will not be compromised. The problem occurs if
the model over predicts retroreflectivity in which case the actual field values will be lower
than modeled values. Thus a margin of safety is necessary to ensure that markings meet
42

minimum standards. The values of white skiplines in Table 4.9 are probably not reliable due
to the small sample size (only 4 sites). After the 4th round of data the models over predicted
retroreflectivity greater than 20% in only a few cases. The 4th round of data was used because
this round would be the closest to the end of the useful life of the markings and thus is the
best indicator on how the models would perform in predicting the end of a markings useful
life.
Effect of Directionality of Waterborne Paint Laying on Retroreflectivity of Yellow
Centerlines
One of the focus areas of this study was to find out whether direction in which yellow
centerline paints are laid impact degradation of retroreflectivity. While collecting data for
yellow centerlines, backward readings were taken for atleast one data point in addition to five
forward readings for each site for one round. Forward readings were taken along direction of
traffic flow. Table E.1 with forward and backward readings for one data point for each site for
one round is enclosed in Appendix E. The average percentage difference between forward and
backward readings was found to be 24.9%.
It was intended to develop three models to quantify degradation in retroreflectivity
over time. The models developed were: 1) Total Model; 2) High Model and; 3) Low Model.
The respective datasets used for each of the models is enclosed in Appendix E. Based on
forward and backward readings for any site, a higher forward reading implied the site would
be a part of high model and vice versa. As was done previously Difference and % Difference
graphs were plotted against time. Table 4.10 below summarizes the degradation models.
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Table 4.10 Summary of Yellow Directionality Degradation Models

Model Equations

R2 Value

Diff = 3.1565 - 0.0899*Days

0.2799

% Diff = 102.41-0.0596*Days

0.2816

Diff = 1.1253 - 0.0865*Days

0.2821

% Diff = 100.79-0.0532*Days

0.2759

Diff = 3.7638 - 0.0821*Days

0.2212

% Diff = 102.94-0.0565*Days

0.2285

Models

Total Model

High Model

Low Model

Trends in retroreflectivity degradation were analyzed by substituting values for days
in the model equations. A sample illustration for degradation after 2 years for % difference
model is shown below in Table 4.11.
Table 4.11. Sample Results of Validation for % Difference Model for
Directionality Study

Model

Total Model

High Model

Low Model

Time In Days

% of Degradation from
Initial Retroreflectivity

180

91.68

360

80.95

540

70.23

720

59.50

180

91.21

360

81.64

540

72.06

720

62.49

180

92.77

360

82.60

540

72.43

720

62.26
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As can be seen from table above, the rate of degradation of retroreflectivity in
percentage after two years is nearly same for both high and low model. Thus it may be
concluded that directionality of paint laying may not have any effect on degradation of
retroreflectivity.
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CHAPTER 5
CONCLUSIONS AND RECOMMEDATIONS

The goal of this study was to systematically quantify retroreflectivity degradation
over time by developing regression models. Such models would help SCDOT engineers in
predicting useful lives of markings. With this knowledge they may be in a better position to
finalize replacement schedules which can help improve efficiency and economy of their
maintenance methods.
Literature review proved the importance of developing such models. Many state
DOT’s are sponsoring similar studies to achieve quality and economy in their pavement
marking efforts. Data collected form 60 sites were analyzed to come to conclusions.
Regression models were developed for four categories of markings relating retroreflectivity
with time. Models were validated and were reliable in predicting degradation. Findings of the
study are summarized below:
•

Time was the most significant factor affecting retroreflectivity degradation for all
categories of markings.

•

Plot of median retroreflectivity versus time for all sites showed a decreasing trend,
hence linear models were developed for capturing degradation. R-Square values for
this study were in the range of 0.12 to 0.28 which is higher than a similar study done
by Michigan State University in 1999. They reported an R-Square value in the range
of 0.14 to 0.18. Table 5.1 summarizes the models.

•

Traffic Volume in terms of AADT was found to be one of the significant variables for
white skiplines. For all other categories traffic volume was not found significant in
predicting degradation.

46

•

Model validation was accomplished successfully with predicted retroreflectivity
values in agreement with actual site values. The predicted retroreflectivity values
from the models were within 20% of their actual values for 84% of the sites.

•

The direction in which yellow centerline markings are placed have no impact on
retroreflectivity degradation. The annual average rate of degradation was found to be
31 mcd/sqm/lux which is somewhat more than half of that reported in the NCSU and
Sitzabee studies in 2007-2008.

•

After the 4th round of data, the models over predicted retroreflectivity greater than
20% in only a few cases. The 4th round of data was used because this round would be
closest to the end of the useful life of the markings and thus is the best indicator on
how the models would perform in predicting the end of a markings useful life.
Recommendations for Future Research

•

Additional sites spread around the state with different markings on different
pavement types can help in developing better models which are representative.

•

In the future increased number of sites with White and Yellow skiplines may help
build robust regression models.

•

Using the preliminary minimum values of 85 mcd/sqm/lux for yellow centerlines and
100 mcd/sqm/lux for white edgelines 90% of the yellow centerline sites and 93% of
the white edgeline sites still had useful life left. Thus improved models can result if
additional rounds of data were collected in the future.

This project illustrates methodology used for quantifying the lifecycle of water borne
pavement markings. It is expected that SCDOT will find it useful in making decisions
related to economy in laying and maintenance of markings.
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Table 5.1 Summary of Degradation Models

Category
of

Model Type

R2

Sample

Value

Size

Model Equations

Marking
Difference Model

Diff=3.0614-0.1756*Days

0.2090

White
44

% Difference
Edgelines

% Diff=101.05-0.0591*Days

0.2184

Diff=2.9074-0.0895*Days

0.2797

% Diff=102.26-0.0593*Days

0.2813

Diff=5.2504-0.168*Days

0.5671

% Diff=102.91-0.128*Days

0.5994

Diff=2.70-0.0443*Days

0.1377

% Diff=101.8-0.0284*Days

0.1271

Model
Difference Model
Yellow
50

% Difference
Centerlines
Model
Difference Model
White

4

% Difference
Skiplines
Model
Difference Model
Yellow

10

% Difference
Skiplines
Model
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APPENDIX
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Appendix A

Master Table Category Wise
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Legend for Table A.1 Master Table for Retroreflectivity Values

Pavement Surface

ASP – Asphalt Pavement
CS - Chip Seal Pavement
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52

53

54

55

56

57

58

59

Legend for Table A.2 Master Table with Analysis Variables for Final Dataset

Pavement Surface

ASP – Asphalt Pavement
CS - Chip Seal Pavement

Date
Date on which data was collected at site
Days - Difference in dates between a
given round and the first round or paint
application date

LTL-X
Retroreflectivity Values in mcd/sqm/lux
Median - Median of 4 readings taken at
each site

60

61

62

63

64

65

66

67

68

69

70

71

Appendix B

Median Retroreflectivity Vs Days Plots

72

73

74

75

76

77

78

79

80

81

82

83

84

85

Appendix C

Scatter Plots
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Figure C.1 Linear Plot of Difference In Retroreflectivity and Time for White Edgelines

87

Figure C.2 Linear Plot of % of Initial Retroreflectivity and Time for White Edgelines

88

Figure C.3 Linear Plot of Difference In Retroreflectivity and Time for Yellow Centerlines
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Figure C.4 Linear Plot of % of Initial Retroreflectivity and Time for Yellow Centerlines
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Figure C.5 Linear Plot of Difference In Retroreflectivity and Time for White Skiplines
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Figure C.6 Linear Plot of % of Initial Retroreflectivity and Time for White Skiplines
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Figure C.7 Linear Plot of Difference In Retroreflectivity and Time for Yellow Skiplines
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Figure C.8 Linear Plot of % of Initial Retroreflectivity and Time for Yellow Skiplines
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Appendix D

Model Validation

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

Appendix E

Yellow Directionality Tables
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Table E.1 Forward and Backward Readings for Yellow Directionality Study

Site
No.
2
3
4
5
6
7
8
12
13
14
25
27
28
29
30
31
32
34
37
38
39
44
45
48
49
50
52
53
54
55
56

Median
Retroreflectivity
Mcd/sqm/lux
152
79
137
116
71
82
264
125
130
89
125
126
146
162
162
168
150
99
150
101
65
97
99
66
117
142
84
112
116
141
145

Yellow
Forward
mcd/sqm/lux
159
34
137
40
71
80
278
111
116
73
123
112
159
168
169
171
166
97
143
101
53
32
100
47
115
138
87
112
94
120
143

Yellow
Backward
mcd/sqm/lux
120
24
134
56
98
131
232
72
142
108
96
111
130
143
189
142
98
98
134
125
33
32
59
47
134
126
87
68
136
112
175
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High/Low

Difference

% Change

High
High
High
Low
Low
Low
High
High
Low
Low
High
High
High
High
Low
High
High
Low
High
Low
High
High
Low
High
High
Low
High
Low

39
10
3
-16
-27
-51
46
39
-26
-35
27
1
29
25
-20
29
68
-1
9
-24
20
0
41
0
-19
12
0
44
-42
8
-32

24.5
29.4
2.2
40.0
38.0
63.8
16.5
35.1
22.4
47.9
22.0
0.9
18.2
14.9
11.8
17.0
41.0
1.0
6.3
23.8
37.7
0.0
41.0
0.0
16.5
8.7
0.0
39.3
44.7
6.7
22.4

Table E.1 Forward and Backward Readings for Yellow Directionality Study (continued)

Site No.
57
58
59
60
62
63
64
72
110
111
112
113
114
115
116
117
118
119
Standard
Deviation
Average
%
Change

Median
Retroreflectivity
Mcd/sqm/lux
169
108
98
90
176
128
168
115
157
180
119
131
227
167
101
101
182
193

Yellow
Forward
mcd/sqm/lux
82
88
109
87
162
120
182
115
155
180
112
132
234
174
86
101
154
193

Yellow
Backward
mcd/sqm/lux
84
100
114
104
158
94
136
134
179
201
187
61
142
89
160
120
200
99

High/Low

Difference

%
Change

Low
Low
Low
Low
High
High
High
Low
Low
Low
Low
High
High
High
Low
Low
Low
High

-2
-12
-5
-17
4
26
46
-19
-24
-21
-75
71
92
85
-74
-19
-46
94

2.4
13.6
4.6
19.5
2.5
21.7
25.3
16.5
15.5
11.7
67.0
53.8
39.3
48.9
86.0
18.8
29.9
48.7

40.7
24.9
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